Deciphering the structure of pathogen populations is instrumental for the understanding of the epidemiology and history of infectious diseases and for their control. Although Mycobacterium tuberculosis is the most widespread infectious agent in humans, its actual population structure has remained hypothetical until now because: (i) its structural genes are poorly polymorphic; (ii) adequate samples and appropriate statistics for population genetic analysis have not been considered. To investigate this structure, we analysed the statistical associations (linkage disequilibrium) between 12 independent M. tuberculosis minisatellite-like loci by high-throughput genotyping within a model population of 209 isolates representative of the genetic diversity in an area with a very high incidence of tuberculosis. These loci contain variable number tandem repeats (VNTRs) of genetic elements named mycobacterial interspersed repetitive units (MIRUs). Highly significant linkage disequilibrium was detected among the MIRU-VNTR loci in this model. This linkage disequilibrium was also evident when the MIRU-VNTR types were compared with the IS 6110 restriction fragment length polymorphism types. These results support a predominant clonal evolution of M. tuberculosis .
Introduction
Understanding the structure and dynamics of pathogen populations gives unique insights into crucial public health issues, such as the appearance and persistence of variants escaping immunity or the emergence of resistance to antibiotics (Musser, 1996; Spratt and Maiden, 1999; Smith et al ., 2000; Cooper, 2001) . Furthermore, the knowledge of population structures provides a powerful basis to exploit molecular epidemiological data fully and is essential for studying the genetic history of diseases. The clonal structure of Escherichia coli has been considered as a paradigm for the majority of bacterial populations. However, the results from multilocus-based analytical approaches have revealed that genetic exchanges are frequent in natural populations of many bacterial species. Analyses of linkage disequilibrium (nonrandom association of genotypes scored at different chromosomal loci) or based on comparison of gene trees have shown that, in fact, only a few of them appear to be truly clonal (e.g. Smith et al ., 1993; Spratt and Maiden, 1999; Feil et al ., 2001) .
Mycobacterium tuberculosis is probably the most widespread human pathogen, as it is estimated to infect onethird of the human population. Tuberculosis is the leading cause of death in adults due to a single infectious agent, killing about 3 million people every year, mainly in developing countries (Dye et al ., 1999) . M. tuberculosis has potential opportunities for DNA exchange. Some reports have documented simultaneous infection of patients by two different strains, especially in high incidence areas (Chaves et al ., 1999; Yeh et al ., 1999; Braden et al ., 2001) . Furthermore, lysogenic mycobacteriophages have been identified that can transduce exogenous DNA into M. tuberculosis experimentally (Hatfull, 2000) , and naturally occurring conjugation has been demonstrated for mycobacteria (Parsons et al ., 1998) . However, the occurrence and significance of recombinational exchanges within natural populations of this species have remained completely elusive up to now. Contrary to a widespread idea, the restricted gene sequence diversity within this species (Sreevatsan et al ., 1997) and empirical observation of some predominant genotypes in various epidemiological studies Bifani et al ., 1996; 1999; 2002; Kremer et al ., 1999; Le et al ., 2000) provide no indication of its population structure, as they are compatible with distinct population structures with variable levels of recombination (Smith et al ., 1993; Spratt and Maiden, 1999; Feil et al ., 2001) .
One reason for the poor knowledge of the M. tuberculosis population structure is the lack of fully independent polymorphic markers necessary to test potential recombinational exchanges in M. tuberculosis. The very restricted polymorphism of structural gene sequences within this species (Sreevatsan et al ., 1997; Musser et al ., 2000) has precluded linkage disequilibrium analysis by multilocus enzyme electrophoresis (MLEE) or comparison of gene trees by multilocus sequence typing (MLST). Furthermore, previous methods used to investigate the molecular epidemiology of M. tuberculosis , such as IS 6110 restriction fragment length polymorphism (RFLP), cannot be used to analyse linkage disequilibrium, as they do not reveal the variability of independent genetic loci. Spoligotyping, an alternative method based on polymorphisms of a single locus, cannot be assumed to be independent from IS 6110 RFLP, as this locus is a hot-spot for IS 6110 insertions, and changes within this region are often caused by IS 6110 -associated events (e.g. Hermans et al ., 1991; Groenen et al ., 1993; Fang et al ., 1998; Filliol et al ., 2000; Legrand et al ., 2001) . A second reason for the lack of knowledge of M. tuberculosis population structure is the difficulty of constituting adequate representative population sampling, because of the widespread but very unequal distribution of the disease among developing and developed countries.
New genetic markers that allow linkage disequilibrium analysis of mycobacteria have recently become available. They are based on variable number tandem repeats (VNTRs) in mammalian-like minisatellites present in 12 independent loci of the M. tuberculosis genome (Supply et al ., 2000) . These elements have been named mycobacterial interspersed repetitive units (MIRUs) (Supply et al ., 1997) . Their potential for M. tuberculosis genotyping and for the study of global molecular epidemiology has been demonstrated recently (Mazars et al ., 2001) . In this study, we used MIRU-VNTR high-throughput genotyping (Supply et al ., 2001) to investigate the population structure of M. tuberculosis by measuring the statistical association of the 12 loci in a sample of 209 isolates representative of the genetic diversity in metropolitan Cape Town, South Africa, an area with a very high incidence of tuberculosis (Beyers et al ., 1996) .
Results

Genetic diversity in the M. tuberculosis population
The 209 M. tuberculosis isolates used in this study correspond to ª 25% of a large collection harvested during a 7 year period from patients with active tuberculosis, which represents ª 70% of the notified adult cases in the highincidence Cape Town suburban area. The 209 strains were selected for their representativeness of the diversity and frequencies of IS 6110 RFLP patterns in the entire collection (Table S1 in Supplementary material ). The genotypic diversity in this sample was lower than that of the isolates collected in Paris (Mazars et al ., 2001 ). Ninety-seven distinct MIRU-VNTR genotypes were identified (Table S2 in Supplementary material ), and the mean allelic diversity among the 12 loci amounted to 0.36. One of the least variable MIRU-VNTR loci in other M. tuberculosis collections, locus 24 (Mazars et al ., 2001; Supply et al ., 2001) , was completely monomorphic in this study, with a single MIRU copy in all isolates ( Table 1 ). The individual allelic diversities of the other loci ranged from 0.06 (locus 20) to 0.70 (locus 10). The overall hierarchy of the polymorphisms of the different MIRU-VNTR loci was similar to that observed in previous studies on strains from different countries (Mazars et al ., 2001; Supply et al ., 2001) . Five (loci 10, 40, 26, 31 and 23) of the six most variable loci identified in previous studies were also the most variable in this population, suggesting that the relative degrees of genetic information carried by the different loci are globally conserved among distinct epidemiological settings and bacterial populations.
MIRU-VNTR linkage disequilibrium analysis
The degree of linkage of the 11 polymorphic MIRU-VNTR loci in the Cape Town population was measured using the genotype-wide and pairwise linkage disequilibrium values 
, where x i is the frequency of the i th allele at the locus (Graur and Li, 2000) . between all 11 loci. For the genotype-wide linkage analysis, we assessed the non-random association of independent genetic loci, based on the f test (Tibayrenc et al ., 1990 ) and the standardized index of association (sI A ) test (Haubold et al ., 1998) . When these tests were applied to the 209 isolates, highly significant departure from linkage equilibrium was obtained ( P < 10 -4 for the f test, P < 10
for the sI A -based parametric test) ( Table 2 ). Pairwise analyses also revealed a highly significant linkage disequilibrium between many pairs of loci (Table 3) , with an average of 6.7 linked loci per polymorphic locus.
To assess the structure of this mycobacterial population further, we tested the degree of over-representation of multilocus genotypes and the absence of recombinant genotypes, two additional complementary criteria of clonality (Tibayrenc et al ., 1990) . When all loci of a particular species are considered jointly, some multilocus combinations may be over-represented, whereas others may be missing, although they would be expected with fairly high frequencies if recombination occurred. In that case, it is likely that a few, highly successful genotypes have resulted from clonal expansion. When the statistical tests to evaluate over-representation (d1 and d2) of certain genotypes and the deficiency (e) of others were applied to the Cape Town collection, the values were found to be highly significant (Table 4) .
These results therefore provide converging indications of different manifestations of linkage disequilibrium, which represent evidence for clonal population structure (Tibayrenc et al ., 1990; Tibayrenc, 1999) . However, linkage disequilibrium can arise in populations within which lineages are subject to temporal and/or geographical separation (Wahlund effect) that act as physical barriers to gene flow (Souza et al ., 1992; Smith et al ., 1993) . Such risks of artifacts resulting from geographical isolation between the strains within our population sample are minimized because, in contrast to industrialized countries, infections in the Cape Town area are mostly of regional origin on account of the reduced mobility of the patients outside the region. To assess the potential occurrence of geographical and/or temporal bias within our population model further, tests to evaluate genotype-wide linkage as well as over-representation or absence of certain multilocus genotypes were applied separately per site of the patient's residence within the suburban area (not shown) and per year of collection (Tables 2 and 4 ). Highly significant values were obtained in virtually every case, thus ruling out a bias resulting from geographical and/or temporal separation. Once the potential bias of the Wahlund effect has been discarded, it is important to distinguish P-values give the probability of observing a linkage disequilibrium by chance as high or higher than that observed in the samples, using f (Tibayrenc et al., 1990 ) and sI A -based test (Brown et al., 1980; Smith et al., 1993; Haubold et al., 1998 
+, significant linkage disequilibrium when the 209 isolates are considered; ++, significant linkage disequilibrium when the 209 isolates or the 97 genotypes are considered; -, no significant linkage disequilibrium (P = 0.02). P-values give the probability of observing as many or more isolates with identical genotypes by chance (d1 based on combinatorial analysis, d2 based on 10 4 Monte Carlo iterations) or as few different genotypes as actually observed (e) (Tibayrenc et al., 1990) . NA, not applicable. Year 92 was not analysed because of the small size of the sample. predominant clonal evolution from epidemic clonality, defined as occasional spread of ephemeral clonal genotypes in a basically sexual species (Smith et al., 1993) . This can be done by treating each genotype as a single individual in the linkage disequilibrium tests. If linkage persists, this supports the hypothesis of predominant clonal evolution (Smith et al., 1993) . When the 97 distinct MIRU-VNTR genotypes of the 209 strains were treated as individual units, the genotype-wide linkage disequilibrium was reduced (sI A of 0.0132 compared with 0.0587 when the 209 isolates were used) but remained significant (Table 2 ). Significant linkage disequilibrium was also still detected between several pairs of loci (Table 3) , with an average reduced to 2.2 linked loci per polymorphic locus, as well as significant over-representation or lack of some genotypes (Table 4) . These results support the hypothesis that the population under survey undergoes predominant clonal evolution rather than epidemic clonality.
Ten of the 12 polymorphic MIRU loci display sequence variations between repeat units in addition to variations in repeat numbers (Supply et al., 2000) . We assume that MIRU-VNTR loci with identical numbers of repeats also have identical sequences among different isolates. This assumption is based on previous sequence analyses indicating that the changes in these loci among different strains nearly always consist of simple additions or deletions in blocks of identical repeats. Among more than 50 alleles sequenced so far in any of the 12 minisatellites, only one case of homoplasy by fragment length (two strains containing identical numbers of repeats but with different sequences) has been observed, in locus 23 (Supply et al., 2000) . Exclusion of locus 23 in this study did not substantially reduce the levels of significance of genotype-wide linkage disequilibrium and of overand under-representation of multilocus genotypes (not shown), and only slightly changed the average numbers of linked loci per polymorphic locus (Table 3) .
Linkage disequilibrium between MIRU-VNTRs and IS6110 RFLP
One hundred and thirty-five distinct IS6110 RFLP profiles were present in the population analysed in this study, compared with 97 MIRU-VNTR genotypes (see above). The discrimination level of MIRU-VNTRs relative to that of IS6110 RFLP was lower in this study than in previous ones (Mazars et al., 2001; Supply et al., 2001) . This fact can be explained by the slower evolution rate of the 12 MIRU-VNTR compared with that of IS6110 RFLP, as suggested previously (Mazars et al., 2001; Supply et al., 2001) , and by the reduced bacterial diversity in the local Cape Town population compared with populations from France or from various countries studied previously. In these conditions, a significant proportion of isolates differed from one another by only a few IS6110 RFLP bands, although having identical MIRU-VNTR types.
Nevertheless, when a matrix of genetic distances based on the IS6110 RFLP profiles was built for the complete collection and compared with a matrix based on the MIRU-VNTR types using a non-parametric Mantel test, both matrices were found to correlate (r = 0.499) with a high degree of significance (P < 10 -4 ). This correlation between two independent sets of genetic markers (g-test; Tibayrenc et al., 1990) provides additional, particularly strong evidence for linkage disequilibrium of genotypes at different loci in the M. tuberculosis population. This correlation also indicates that MIRU-VNTR evolution is not dominated by phenomena of convergence or homoplasy by sequence (alleles that are identical in both the number of repeats and the sequence, although not derived from the same ancestral allele because of convergence).
Discussion
Known since antiquity, tuberculosis has disseminated globally, but it is not distributed equally throughout the world. Developing countries have by far the highest burden but are, in most cases, devoid of epidemiological surveillance systems. Even in developed countries, existing culture collections are very incomplete and most often biased towards 'outbreak' isolates. This explains why no collection representative of the global mycobacterial genetic diversity is currently available. For this study of population structure, we selected a collection of M. tuberculosis strains that is representative of the genetic diversity from an exceptional setting with both extremely high incidence, notification and recovery rates and high levels of ongoing transmission. We reasoned that, if frequent recombinational gene exchanges occur in M. tuberculosis, it would be likely to be detected in such a setting, which potentially provides ample opportunity for genetic exchanges. The use of this collection also minimizes risks of artifactual linkage disequilibrium resulting from geographical isolation between the strains within the same population (Souza et al., 1992) because, in contrast to western countries, infections are mostly of regional origin on account of the reduced mobility of the patients outside the region.
The highly significant linkage disequilibrium detected in this study supports a predominantly clonal evolution of M. tuberculosis populations in the Cape Town area during the last decade. This linkage disequilibrium was assessed by measuring the association among independent MIRU-VNTR loci and between independent sets of markers, such as MIRU-VNTRs and IS6110 RFLP. The correlation between independent sets of markers is particularly significant, as it is never significant in species in which recombination is very frequent (Tibayrenc, 1999) . Even when genotypes instead of isolates were used as individual units, the evidence remained strong, although the genotype-wide as well as the pairwise linkage disequilibrium among MIRU-VNTR loci was reduced. This reduction typically reflects the dominance in the overall population of some very frequent genotypes. This dominance is apparent from both IS6110 RFLP and MIRU-VNTR analyses (see Fig. 1 and Table S1), which both indicate high frequencies of some groups of closely related strains. Previous population-based studies have also indicated restricted genotype polymorphisms in regions with a high prevalence of tuberculosis, compared with regions with low prevalence, which is thought to reflect local ongoing transmission of related strains with little input from other regions (Hermans et al., 1995; van Soolingen et al., 1995; Kallenius et al., 1999) . The restricted genotypic diversity found in this study is also consistent with the hypothesis of a relatively recent introduction of tuberculosis into South Africa (Stead, 1997) , resulting in weak individualization of lineages from a restricted pool of common recent ancestors. Such a founder effect, leading to an overall low phylogenetic diversity of this sample, could explain the low bootstrap values (not shown) observed for the branching of the dendrogram in Fig. 1 , although some limited horizontal gene transfer could also have played a role in generating these low bootstrap values.
However, the pattern observed remains definitely different from the population structure referred to as epidemic clonality, of which Neisseria meningitidis is a prototype (Smith et al., 1993; 2000) . In these structures, dominant clones, emerging from a few ancestral genotypes, persist for a few months or a few years above a background of actively recombining unrelated isolates. These clones may then diversify progressively mainly through horizontal gene transfer (Smith et al., 2000) . In contrast to such a structure and to panmictic structures such as those observed for Helicobacter pylori (see Table 5 ), the results shown in this study suggest that, if horizontal gene transfer occurred in this M. tuberculosis population, it is not sufficient rapidly to distort linkage disequilibrium between alleles from independent MIRU-VNTR loci among the different clonal lineages.
Estimates of relative ratios of recombination to point mutation, which have been obtained for other species based on analysis of single or multiple nucleotide changes in structural genes in clonal complexes defined by MLST (Feil et al., 2001) , cannot be directly inferred from our results. Nevertheless, analysis of the MIRU-VNTR differences between isolates within given IS6110 RFLP genotype families suggests that mutations, rather than horizontal genetic exchanges, account for most of these differences. Indeed, distinct MIRU-VNTR genotypes within these families typically differ at only one or a few MIRU-VNTR loci. In these loci, differences between the commonest allele and other alleles often consist of single unit changes. Such stepwise changes are typical mutation patterns of DNA replication-driven VNTR polymorphisms and have been observed in MIRU-VNTR locus 4 in the clonal progeny of the original Mycobacterium bovis BCG strain (Supply et al., 2000 and references therein). Consistent with the linkage disequilibrium results, these observations suggest that MIRU-VNTR variability is mainly driven by mutation, rather than by recombinational exchanges.
The strong linkages between multilocus markers detected at all levels of analysis reveal a lack of frequent genetic exchanges in M. tuberculosis and, thus, a predominantly clonal evolution for this species at least over several years in the highly endemic Cape Town area analysed here. This picture may be an actual reflection of M. tuberculosis ecology, in which different M. tuberculosis clones are most frequently separated in different individuals, even in a high incidence area such as Cape Town. The lack of frequent recombination inferred from this study on a relatively small spatial and temporal scale does not exclude the occurrence of rare recombination events at 
where l is the number of loci (Haubold et al., 1998) . Given for information. Absolute values do not necessarily reflect relative degrees of clonality and depend on various factors including sampling and markers used (Smith et al., 1993) . b. Epidemic structure, i.e. linkage disequilibrium disappeared when electrophoretic or sequence types, instead of isolates, were used.
larger scales. However, such rare recombination events are unlikely to break the prevalent clonal population pattern. Moreover, the results fully corroborate our preliminary observations obtained on a limited sample of strains from other regions of the world (Mazars et al., 2001) and thus suggests that a prevalent clonal population structure could be generalized for the whole M. tuberculosis species.
The identification of such a clonal structure for a given pathogen has important implications for phylogeny, as well as for molecular epidemiology and public health aspects. In predominantly clonal species, multilocus genotypes are stable in space and time (Spratt and Maiden, 1999; Tibayrenc, 1999) . This stability permits relevant exploitation of global molecular epidemiological databases (e.g. Supply et al., 2001) to track the past and present spread of the multiple strains of this pathogen. Furthermore, in predominantly clonal species, phylogenetic divergence is not clouded by frequent recombination. Therefore, phylogeny can be used as a framework onto which relevant pathogenicity traits of this pathogen can be mapped (Selander et al., 1990) .
VNTR loci are powerful markers for the study of population genetics and evolutionary history of many higher eukaryotic species, including humans. So far, they have virtually not yet been used to identify bacterial population structures. Based on analyses of clonal isolates cultivated separately for decades (Supply et al., 2000; 2001) or originating from extended transmission chains (P. Supply, unpublished data), the MIRU-VNTR loci appear to be stable for tens of years. These bacterial minisatellites are thus globally free of strongly diversifying selective pressure, indicating their potential for population genetics analysis (Achtman, 1996; Spratt and Maiden, 1999) . Recent studies have disclosed the presence of many VNTR-containing minisatellite regions in several bacterial genomes, including those of Yersinia pestis and Bacillus anthracis (Keim et al., 1999; Le Fleche et al., 2001) , which could be useful in unravelling the population structure of other genetically highly homogeneous microorganisms, including these important human pathogens.
Experimental procedures
Mycobacterium tuberculosis isolates
The 209 M. tuberculosis isolates used in this study were selected from a large database containing ª800 isolates from the MRC Centre for Molecular and Cellular Biology at the University of Stellenbosch, Cape Town, South Africa (Warren et al., 2000) . These isolates were collected between mid-1992 and end-1998 from different patients with active tuberculosis. Most patients (n = 198) were resident in a 2.4 km suburban zone of Cape Town, an area with a very high incidence rate (>1000/100 000 per year) and an estimated recovery of 70% of all culture-positive patients (Beyers et al., 1996) . The remaining isolates (n = 11) were from patients residing in neighbouring areas of the metropolis. These isolates were selected to be representative of the diversity of IS6110 RFLP patterns in the MRC database (Warren et al., 2000) (Table S1 in Supplementary material). In an initial screening, all the isolates were assembled into groups of similar IS6110 RFLP patterns (IS-3¢ similarity index of ≥65%, calculated using the Dice coefficient and UPGMA clustering method with GELCOMPAR 4.1 software) as described previously (Warren et al., 2000) . Isolates not sharing this threshold value of similarity with any other isolate in the database were regarded as 'unique' strains. The numbers of isolates selected per group were weighted according to the respective frequencies of strains for these different groups (Table S1 in Supplementary material). Within each group, the strains were chosen randomly, regardless of their IS6110 RFLP patterns.
MIRU-VNTR genotyping
The 209 isolates were genotyped by amplifying the 12 MIRU-VNTR loci in four different multiplex polymerase chain reactions (PCRs) and by analysing the PCR products on 96-well ABI 377 automated sequencers using the GENESCAN and GENOTYPER software packages (PE Applied Biosystem), as described previously (Supply et al., 2001) .
Genotype diversity and linkage disequilibrium analysis
The MIRU-VNTR allelic diversity (h) at a given locus and the mean allelic diversity (H) were calculated as h = 1-Sx i 2 and H = (1/n)Sh i , respectively, where x i is the frequency of the ith allele at the locus, h i the allelic diversity at locus i and n the number of loci (Graur and Li, 2000) . Previously described f, g (Tibayrenc et al., 1990) and sI A -based (Brown et al., 1980; Smith et al., 1993; Haubold et al., 1998) and d1, d2 and e tests (Tibayrenc et al., 1990; Tibayrenc, 1999) were used to assess genotype-wide linkage disequilibrium and overrepresentation and absence of MIRU-VNTR genotypes respectively. The g test (Tibayrenc et al., 1990 ) was used to evaluate linkage disequilibrium between MIRU-VNTR and IS6110 RFLP patterns. These tests take panmixia (random genetic exchange) as a null hypothesis, which is a very classical approach in all population genetic analyses looking for departures from random genetic exchange expectations. The program LIAN 3.0 (http://soft.ice.mpg.de/lian) (Haubold and Hudson, 2000) was used to carry out the sI A -based test. This program tests the null hypothesis by a parametric method and, for small data sets, by Monte Carlo simulation with 10 4 iterations. The g test was done by calculating the correlation Table S1 . Linkage distance is indicated at the bottom. Can116, Mycobacterium canettii 116 strain (Supply et al., 2001) taken as an outgroup.
between the genetic distances inferred from MIRU-VNTR and IS6110 RFLP patterns for any possible pair of isolates with a non-parametric Mantel test based on Monte Carlo simulation with 10 4 iterations (Mantel, 1967; Tibayrenc, 1995) , using the GENETIX program (Laboratoire Génome et Populations, CNRS UPR 9060, Montpellier, France). The distance matrices for the MIRU-VNTR and IS6110 RFLP data were calculated using Jaccard distances. Pairwise linkage disequilibrium between MIRU-VNTR loci was tested using an extension of the Fisher exact probability test on contingency tables, provided by the program ARLEQUIN (S. Schneider, D. Roessli and L. Excoffier, Genetics and Biometry Laboratory, University of Geneva, Switzerland). The tests were done using a Markov chain with 10 5 steps and 10 000 dememorization steps. Genetic relationships among isolates were represented by neighbour-joining analysis, using the PAUP 4.0 software (D. Swofford), 4.0 beta version (Sinauer Associates).
Supplementary material
The following material is available from http://www. blackwellpublishing.com/products/journals/suppmat/mole/ mole3315/mmi3315sm.htm Table S1 . Selection of 209 M. tuberculosis isolates representative of the distribution of the IS6110 RFLP patterns in metropolitan Cape Town. Table S2 . MIRU-VNTR genotypes of 209 M. tuberculosis isolates from metropolitan Cape Town, South Africa.
